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Abstract. One very promising technique for measuring the dense matter Equation of State exploits hotspots that form on the
neutron star surface due to the pulsar mechanism, accretion streams, or during thermonuclear explosions in the neutron star ocean.
This article explains how Pulse Profile Modeling of hotspots is being used by the Neutron Star Interior Composition Explorer
(NICER), an X-ray telescope installed on the International Space Station in 2017 - and why the technique is a mission driver
for the next, larger-area generation of telescopes including the enhanced X-ray Timing and Polarimetry (eXTP) mission and the
Spectroscopic Time-Resolving Observatory for Broadband Energy X-rays (STROBE-X).
INTRODUCTION
Densities in the cores of neutron stars can reach up to ten times that of normal nuclear matter. In addition to nucleonic
matter in conditions of extreme neutron-richness, neutron stars may also contain stable states of strange matter; either
bound in the form of hyperons or in the form of deconfined quarks. The extremes of the Quantum Chromodynamics
phase diagram cannot currently be explored using first principles calculations, due to the numerical challenges in-
volved. We rely instead on phenomenological models of particle interactions and phase transitions, which are tested
by experiment and observation. Heavy ion collision experiments explore the high temperature and lower density parts
of the phase diagram; but neutron stars are unique laboratories for the study of strong and weak force physics in cold,
ultra-dense matter [for recent reviews see 1, 2, 3]. Our uncertainties about the microphysics of particle interactions
in the conditions that prevail inside neutron stars are codified in the Equation of State (EOS), the relation between
pressure and (energy) density. The EOS forms part of the relativistic stellar structure equations that enable us, given a
central density and a spin rate, to compute model neutron stars. The EOS parameters are mapped, by these equations,
to parameters such as mass, radius or tidal deformability that determine the exterior space-time of the star (Figure 1).
So if we can measure mass and radius - for a range of stellar masses - we can in principle map out the EOS.
Mass can be measured directly via pulsar timing, and if sufficiently high can rule out EOS models: the discovery
of 2M neutron stars [4, 5] has posed big challenges for our understanding of hyperons [6]. Obtaining radius via
pulsar timing is harder; one good measurement is expected with the Square Kilometer Array [7], but more will be
needed to map the EOS. We must therefore turn to other techniques. Mass and tidal deformability can in principle
be measured by gravitational wave observations of binary neutron star mergers. The detection of GW170817 and its
unusual electromagnetic counterpart have yielded some results [e.g. 8, 9] but tens of detections are likely to be needed
to map the EOS [10] and there are still uncertainties in the template models [11]. One can also use the fact that the
exterior space-time affects X-rays emitted from the stellar surface [see 12, for a review]. Spectral modeling of bursting
or quiescent neutron stars is one option [e.g. 13, 14], however issues like compositional and distance uncertainty affect
reliability [15]. Here I focus on an alternative technique, Pulse Profile Modeling [see 16, for a review]. Pulse Profile
Modeling is being used by NASA’s Neutron Star Interior Composition Explorer [NICER, 17], a pioneering soft X-ray
telescope installed on the International Space Station in 2017. Pulse Profile Modeling is exciting because it can in
principle deliver simultaneous measurement of mass and radius at an unprecedented level of a few percent [18, 19].
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FIGURE 1. The relationship between the composition and inter-particle forces in the neutron star core, the EOS, the mass-radius
relation, and the exterior space-time of the star. The space-time of the rotating neutron star imprints its signature on radiation
emitted from the stellar surface: we can use this to infer the EOS.
PULSE PROFILE MODELING
Pulse Profile Modeling (also known as waveform or lightcurve modeling) exploits the effects of General and Spe-
cial Relativity on rotationally-modulated emission from neutron star surface hot spots (see Figures 4 and 5 of
[20] for examples that illustrate these effects). A body of work extending over the last few decades has estab-
lished how to model the relevant aspects - which include gravitational light-bending, Doppler boosting, aberra-
tion, time delays and the effects of rotationally-induced stellar oblateness - with a very high degree of accuracy
[21, 22, 23, 24, 25, 26, 27, 28, 29, 30]. Given a model for the surface emission (surface temperature pattern, atmo-
spheric beaming function, observer inclination) we can thus predict the observed pulse profile (counts per rotational-
phase bin per energy channel) for a given exterior neutron star space-time (set by mass, radius and spin frequency
- see the review by [16] for a more extended introduction to Pulse Profile Modeling). By coupling such lightcurve
models to a sampler, we can use Bayesian inference to derive posterior probability distributions for mass and radius,
or the EOS parameters, directly from pulse profile data.
Successful application of the Pulse Profile Modeling technique requires sources with a rapid spin (>100 Hz),
to ensure that Special Relativistic effects are strong enough. It also requires high quality phase- and energy-resolved
waveforms: time resolution ≤ 10µs, and a minimum number of photons. The precise number needed to deliver con-
straints on mass and radius at levels of a few percent, and hence provide tight limits on EOS models, depends on the
geometry of a given source - but is roughly ∼ 106 pulsed photons [18, 19]. The attraction of Pulse Profile Modeling is
that this is not only feasible in reasonable observation times, but can also be done for three different source classes with
surface hotspots: rotation-powered pulsars, accretion-powered pulsars, and thermonuclear burst oscillation sources.
Each class has multiple instances, increasing the odds of sampling a wide range of masses and hence mapping more
completely the EOS.
Rotation-powered pulsar hotspots arise as return currents in the pulsar magnetosphere deposit energy in the neu-
tron star surface layers; the resulting surface temperature and beaming pattern is highly uncertain [31, 32]. Rotation-
powered pulsar pulse profiles are however extremely stable. In accretion-powered pulsars [33], where accreting ma-
terial is channeled towards the magnetic poles of the star, the pulsed emission has two main components: one from
hotspots at the polar caps where the accreting material impacts the star, and one from the shock in the accretion funnel
FIGURE 2. The Bayesian inference process at the heart of the Pulse Profile Modeling technique. Pulse Profile Data consist of
X-ray counts binned by energy and rotational phase, assuming some spin or frequency-evolution model: in the future they will also
include polarimetry information. The Lightcurve Model generates a synthetic pulse profile for a given set of space-time parameters:
it must include the surface radiation pattern, any beaming, observer inclination, relativistic ray-tracing and background emission.
The instrument properties must also be factored in (Image Credit for NICER telescope graphic: NASA). Inference Codes then
apply Bayes’ theorem to the data for the given model, generating posterior probability distributions for either mass and radius, or
EOS model parameters.
[24]. A third pulsed component may arise due to reflection from the accretion disk [34]. Temperature pattern and
beaming function are a priori uncertain. Accretion-powered pulsars also have pulse profile variations as the accretion
flow changes, on timescales of days [35]. Thermonuclear burst oscillations are hotspots that form during thermonu-
clear (Type I X-ray) bursts in the oceans of accreting neutron stars [36, 37], the bursts themselves being caused by
unstable burning of accreted hydrogen, helium, or carbon. Burst emission has a well understood beaming function due
to the sub-surface thermal origin [38], but the surface temperature pattern for thermonuclear burst oscillations remains
uncertain since the mechanism responsible for generating them is not yet clear. Thermonuclear bursts are relatively
short (∼ 10-100s), so data from several bursts must be combined to accumulate sufficient photons for successful Pulse
Profile Modeling; and the thermonuclear burst oscillation frequency and amplitude are often variable during a burst,
implying that hotspot properties (size, temperature distribution, and location) are changing on short (∼ 1s) timescales.
The inference process, summarized in Figure 2, thus involves the following elements:
1. Pulse profile data: X-ray counts binned by energy and rotational phase; for rotation-powered pulsars and
accretion-powered pulsars the pulsar spin ephemeris is used to generate the phase-model. Thermonuclear burst
oscillations can have drifting frequencies and this must also be taken into account.
2. A Lightcurve Model: This generates a synthetic pulse profile for a given set of parameters including those
setting the exterior space-time (mass, radius, spin rate), the surface emission pattern (temperature distribution,
beaming function or atmosphere model), observer inclination, distance, interstellar hydrogen column density,
and a background model.
3. The Instrument Response Function: This determines how a specific detector would process the model incident
signal. The Redistribution Matrix File and Auxiliary Response File will map, for example, from energy space
into detector channels, and take into account the overall efficiency of the detector.
4. An Inference Code: Bayesian inference codes couple likelihood evaluations (evaluating the probability of ob-
taining the data from the model for a given set of parameters) and a set of priors for those parameters, with
a sampler that explores the parameter space to determine the posterior probability distributions of the various
model parameters.
5. An EOS model: If one wants to infer the EOS (rather than just mass and radius), one also needs either a set
of models with fixed EOS parameters for model comparison, or a parametrized EOS model with priors for
those parameters. The EOS model can be incorporated directly into the Lightcurve Model; alternatively EOS
inference can be performed separately using mass-radius posteriors, subject to certain restrictions (see the later
discussion on EOS constraints).
PULSE PROFILE MODELING MISSIONS
Preliminary attempts at Pulse Profile Modeling were made using data from the Rossi X-ray Timing Explorer (RXTE,
operational from 1995-2012) and XMM-Newton (currently operational): for rotation-powered pulsars [39, 40, 41];
accretion-powered pulsars [23, 42, 43, 44]; and thermonuclear burst oscillations [45]. The uncertainties on mass
and radius were large (due to low photon numbers), and these analyses did not employ the full Bayesian inference
framework now in use. However they sparked interest in the technique, paving the way for the next generation of
X-ray timing missions (Figure 3).
FIGURE 3. Effective area curves for NICER (operational), and the proposed future large-area missions eXTP and STROBE-X,
compared to other X-ray telescopes. Athena is not a timing mission, but is included for reference.
NICER is a NASA soft X-ray telescope that was installed on the International Space Station in 2017. NICER’s
primary scientific goal is to infer neutron star mass and radius using Pulse Profile Modeling for rotation-powered
pulsars, where the pulse is strongest in the (0.3-1) keV range. The pulse profile stability makes it easy to build up
a good folded pulse profile using multiple exposures, even if they are well-separated in time. NICER is on track to
deliver mass and radius at the 5-10% level for four relatively bright sources (PSR J0437-4715, PSR J0030+0451,
PSR J1231+1411 and PSR J2124-3358). NICER uses lightweight X-ray concentrator optics and small Silicon Drift
Detectors.
Pulsations from accretion-powered pulsars and thermonuclear burst oscillation sources have a harder spectrum
(∼ 1-30 keV), necessitating collimating optics. Accumulating the requisite number of photons in a sensible observing
time also requires a telescope with an effective area of several square meters. For accretion-powered pulsars we expect
to need observations of total duration ∼ 100 kiloseconds to collect sufficient photons [20]. For thermonuclear burst
oscillation sources, data from several individual bursts will need to be combined even with a large-area telescope.
The observing time necessary to accumulate sufficient thermonuclear burst oscillation photons for few % constraints
on mass and radius can be estimated from the burst properties observed by RXTE over its lifetime (burst recurrence
times, burst fluxes, the percentage of bursts that show thermonuclear burst oscillations, and typical thermonuclear
burst oscillation amplitudes). Estimated observation times are of order a few hundred kiloseconds [16]. There are
currently two mission concepts for a large-area X-ray timing telescope that would access a larger, fainter population
of rotation-powered pulsars than we can observe with NICER, and allow Pulse Profile Modeling with accretion-
powered pulsars and thermonuclear burst oscillations: the enhanced X-ray Timing and Polarimetry (eXTP) mission,
and the Spectroscopic Time-Resolving Observatory for Broadband Energy X-rays (STROBE-X).
eXTP is a mission concept proposed by an international consortium led by the Institute of High-Energy Physics of
the Chinese Academy of Sciences, with anticipated launch in 2025 [46]. The scientific payload of eXTP would consist
of four instruments: the Spectroscopic Focusing Array, the Large Area Detector, the Polarimetry Focusing Array and
the Wide Field Monitor. Collectively the Spectroscopic Focusing Array (0.5-20 keV) and the collimated Large Area
Detector (which uses non-imaging Silicon Drift Detectors sensitive in the 2-30 keV band) would reach a total effective
area ∼ 4 m2 (Figure 3). The Polarimetry Focusing Array (not shown in the figure) uses Gas Pixel Detectors sensitive
in the 2-10 keV range, and would have an effective area four times larger than NASA’s planned Imaging X-ray
Polarimetry Explorer [IXPE, 47]. The Wide Field Monitor, vital to trigger pointed observations since many accreting
compact objects (including most accretion-powered pulsars and thermonuclear burst oscillation sources) are transient,
will cover ∼ 4 steradian of the sky with unprecedented sensitivity. eXTP is about to enter Phase B (Preliminary
Definition).
In preparation for the 2020 Astrophysics Decadal Survey, NASA solicited proposals for mission concept studies
for Astrophysics Probes (total lifecycle mission cost $400 million - $1 billion). STROBE-X [48] was one of 8 propos-
als selected for a full 18-month concept study (the study report is now publicly available, see [49]). The STROBE-X
instrument suite comprises both a Wide Field Monitor and two narrow-field instruments: a soft (0.2-12keV) X-ray
Concentrator Array based on NICER technology but scaled up to take advantage of a longer focal length; and a Large
Area Detector using large collimated Silicon Drift Detectors. As part of the concept study phase, the team has created
detailed designs and prepared thorough cost estimates at the NASA/GSFC Instrument Design Lab. If the mission goes
forward, it would enter Phase A (Feasibility) in 2023, with an anticipated launch in 2031.
The larger area offered by eXTP and STROBE-X would allow us to make tighter inferences (since we can
collect more photons) and access more sources, mapping the EOS more completely. We will be able to cross-check
inference across all three source classes (rotation-powered pulsars, accretion-powered pulsars and thermonuclear burst
oscillation sources); and since there are neutron stars with both accretion-powered pulsations and thermonuclear burst
oscillations, we would be able to cross-check results from two types of Pulse Profile Modeling for the same source.
PULSE PROFILE MODELING IN THE NICER ERA
MASS-RADIUS CONSTRAINTS
NICER has now acquired full data sets for two of the primary rotation-powered pulsars, and assuming nominal op-
erations is expected to acquire a full data set for two more. Preliminary analyses for the two primary targets indicate
that inferring mass and radius posteriors for individual sources at the 5-10% level (although perhaps with multimodal-
ity) is feasible. NICER will therefore provide the first firm proof of principle that one can do per-source mass-radius
inference with rotation-powered pulsars at the few percent level using Pulse Profile Modeling. Figures 4 and 5 show
an example simulation done in support of NICER using synthetic pulsar data, generated using the X-Ray Pulsation
Simulation and Inference (X-PSI) code (Riley & Watts in prep). X-PSI is a software package for Bayesian modeling
of astrophysical X-ray pulsations generated by the rotating, radiating surfaces of relativistic compact stars. It couples
X-ray pulsation likelihood functionality to open-source statistical sampling software like MultiNest [50] for use on
high-performance computing systems.
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FIGURE 4. Inference run carried out using the X-PSI code (Riley & Watts in prep), for synthetic rotation-powered pulsar data
similar to that expected from NICER. The synthetic data were generated with two non-identical single-temperature hotspots and a
hydrogen atmosphere model; the inference assumes the same model. Left color panels: The top panel shows phase-energy channel
synthetic count data. The center panel shows the result of the inference: the posterior-mean phase-energy interval count pulse
from the star, added to the inferred background. The lower panel shows residuals, used for visual inspection of systematic model
deficiencies (one form of posterior predictive checking). Right: Corner plot showing 2D (1,2,3 σ contours) and 1D marginalized
posterior distributions for mass M and radius R, with the ±1σ band shown in grey. Radius is inferred at the ±7 % level, mass at ±4
% (this example assumes a tight prior on mass such as we might have from radio data, shown as a dashed line in the mass plot).
Figure courtesy of Thomas Riley.
EQUATION OF STATE CONSTRAINTS
There are two approaches to EOS inference: one can do direct inference of EOS parameters from the pulse profile
data; or one can infer EOS parameters from a set of per-source mass-radius posterior distributions. The former is
computationally as expensive as mass-radius inference, the latter less so. However the latter is something that must
be done with care, since there are potential pitfalls, particularly for commonly-used EOS parametrizations, that can
bias the results (see [51] and [52], which also examine the approaches taken in previous work on EOS inference
by [53, 54, 55, 56, 57, 58]). One method used in the literature to implement the computationally less-expensive
approach is to assume that the likelihood function is proportional to the posterior distribution of the exterior space-
time parameters (mass and radius); as outlined in [52] this is an assumption that only holds if the prior on mass and
radius is sufficiently non-informative. Fortunately this is expected to be the case for NICER analysis, even if we use
mass priors from radio data during the mass-radius inference, since the original radio analyses use non-informative
priors in their computations.
In [59] we adopted this approach to examine the kind of EOS model parameter constraints that NICER might
deliver (assuming two to four idealized mass-radius posteriors of the size anticipated, various different spreads of
mass, and two different underlying EOS models). For the scenarios examined, we found that mass-radius posteriors
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FIGURE 5. As Figure 4 but a more extensive corner plot showing 2D (1,2,3 σ contours) and 1D marginalized posterior distribu-
tions for some of the other parameters that we also infer: radius R, mass M, observer inclination i, Primary spot centre colatitude,
angular radius, temperature T, Secondary spot centre colatitude, angular radius, temperature, spot phases, and hydrogen column
density. Horizontal and vertical solid lines indicate the values used to generate the synthetic data. Dashed lines in the 1D panels
indicate the prior: the posteriors are clearly data-dominated. Figure courtesy of Thomas Riley.
at the level expected from NICER led to a nominally substantial narrowing of EOS model parameter space (the range
of pressures spanned by the 95% credible band for the EOS at twice nuclear saturation density, for example, was
up to a factor ∼ 5 narrower than the full range considered plausible). However for some of the scenarios explored,
the underlying EOS lay slightly outside the 95% credible band for some energy densities. This unreliability in EOS
recovery could, we eventually determined, be attributed in part to the EOS model parametrization and choice of priors.
The biases introduced by the EOS models were entirely inadvertent (not deliberately motivated by physics) and had
not been noticed in previous studies. Parameter ranges for the EOS models that we used were picked in order to ensure
models spanned a certain range of space, with flat priors on individual parameters; naively this might be considered a
conservative choice, and is one that other analyses have also used. However this choice for the individual EOS model
parameters does not correspond to a flat prior in EOS space (pressure as a function of energy density, some function
of the individual parameters). This non-flat EOS prior has a detectable influence when the models are used for EOS
inference in a regime where we have only a small number of mass-radius posteriors. It illustrates the importance
of testing inference pipelines using synthetic data; this effect may also be highly relevant for attempts to infer EOS
parameters from small numbers of gravitational wave events. It is not clear if we can resolve this issue with different
EOS models. Precision EOS inference will likely need more or tighter mass-radius posteriors than we can expect
from NICER, and will hence require the next generation of telescopes (see Figure 9 of [49] for a simulation done for
STROBE-X).
CONCLUSIONS
The EOS of matter at supranuclear densities remains a major problem in fundamental physics: one that is being
studied in the laboratory and via multi-messenger observations of neutron stars. All astronomical techniques to probe
the EOS have model dependencies; cross-testing different source types and techniques is imperative. NASA’s NICER
telescope is poised to deliver the first simultaneous measurements of mass and radius using the Pulse Profile Modeling
technique. We also need to think ahead to the next generation of large area X-ray timing telescopes that will carry out
Pulse Profile Modeling for accreting neutron stars; these missions will realize the promise of Pulse Profile Modeling
to fully map the dense matter EOS and reveal the nature of subatomic particles at the very highest densities.
ACKNOWLEDGMENTS
The author would like to thank the organizers of the Xiamen-CUSTIPEN Workshop on the EOS of Dense Neutron-
Rich Matter in the Era of Gravitational Wave Astronomy for hospitality and financial support, and acknowledges
support from ERC Starting Grant 639217 CSINEUTRONSTAR.
REFERENCES
[1] J. M. Lattimer and M. Prakash, Physics Reports 621, 127–164 (2016), arXiv:1512.07820 [astro-ph.SR] .
[2] M. Oertel, M. Hempel, T. Kla¨hn, and S. Typel, Reviews of Modern Physics 89, p. 015007 (2017),
arXiv:1610.03361 [astro-ph.HE] .
[3] G. Baym, T. Hatsuda, T. Kojo, P. D. Powell, Y. Song, and T. Takatsuka, Reports on Progress in Physics 81,
p. 056902 (2018), arXiv:1707.04966 [astro-ph.HE] .
[4] P. B. Demorest, T. Pennucci, S. M. Ransom, M. S. E. Roberts, and J. W. T. Hessels, Nature 467, 1081–1083
(2010), arXiv:1010.5788 [astro-ph.HE] .
[5] J. Antoniadis, P. C. C. Freire, N. Wex, T. M. Tauris, R. S. Lynch, M. H. van Kerkwijk, M. Kramer, C. Bassa,
V. S. Dhillon, T. Driebe, J. W. T. Hessels, V. M. Kaspi, V. I. Kondratiev, N. Langer, T. R. Marsh, M. A.
McLaughlin, T. T. Pennucci, S. M. Ransom, I. H. Stairs, J. van Leeuwen, J. P. W. Verbiest, and D. G.
Whelan, Science 340, p. 448 (2013), arXiv:1304.6875 [astro-ph.HE] .
[6] D. Chatterjee and I. Vidan˜a, European Physical Journal A 52, p. 29 (2016), arXiv:1510.06306 [nucl-th] .
[7] A. Watts, C. M. Espinoza, R. Xu, N. Andersson, J. Antoniadis, D. Antonopoulou, S. Buchner, S. Datta,
P. Demorest, P. Freire, J. Hessels, J. Margueron, M. Oertel, A. Patruno, A. Possenti, S. Ransom, I. Stairs,
and B. Stappers, Advancing Astrophysics with the Square Kilometre Array (AASKA14) p. 43 (2015),
arXiv:1501.00042 [astro-ph.SR] .
[8] B. P. Abbott et al., Physical Review Letters 121, p. 161101 (2018), arXiv:1805.11581 [gr-qc] .
[9] E. Annala, T. Gorda, A. Kurkela, and A. Vuorinen, Physical Review Letters 120, p. 172703 (2018),
arXiv:1711.02644 [astro-ph.HE] .
[10] M. Agathos, J. Meidam, W. Del Pozzo, T. G. F. Li, M. Tompitak, J. Veitch, S. Vitale, and C. Van Den Broeck,
Physical Review D 92, p. 023012 (2015), arXiv:1503.05405 [gr-qc] .
[11] B. D. Lackey and L. Wade, Physical Review D 91, p. 043002 (2015), arXiv:1410.8866 [gr-qc] .
[12] F. O¨zel, Reports on Progress in Physics 76, p. 016901 (2013), arXiv:1210.0916 [astro-ph.HE] .
[13] J. Na¨ttila¨, M. C. Miller, A. W. Steiner, J. J. E. Kajava, V. F. Suleimanov, and J. Poutanen, Astronomy &
Astrophysics 608, p. A31 (2017), arXiv:1709.09120 [astro-ph.HE] .
[14] A. W. Shaw, C. O. Heinke, A. W. Steiner, S. Campana, H. N. Cohn, W. C. G. Ho, P. M. Lugger, and
M. Servillat, MNRAS 476, 4713–4718 (2018), arXiv:1803.00029 [astro-ph.HE] .
[15] M. C. Miller, ArXiv e-prints (2013), arXiv:1312.0029 [astro-ph.HE] .
[16] A. L. Watts, N. Andersson, D. Chakrabarty, M. Feroci, K. Hebeler, G. Israel, F. K. Lamb, M. C. Miller,
S. Morsink, F. O¨zel, A. Patruno, J. Poutanen, D. Psaltis, A. Schwenk, A. W. Steiner, L. Stella, L. Tolos, and
M. van der Klis, Reviews of Modern Physics 88, p. 021001 (2016), arXiv:1602.01081 [astro-ph.HE] .
[17] K. C. Gendreau et al., “The Neutron star Interior Composition Explorer (NICER): design and development,”
in Space Telescopes and Instrumentation 2016: Ultraviolet to Gamma Ray, Proceedings of SPIE, Vol. 9905
(2016) p. 99051H.
[18] K. H. Lo, M. C. Miller, S. Bhattacharyya, and F. K. Lamb, ApJ 776, p. 19 (2013), arXiv:1304.2330 [astro-
ph.HE] .
[19] D. Psaltis, F. O¨zel, and D. Chakrabarty, ApJ 787, p. 136 (2014), arXiv:1311.1571 [astro-ph.HE] .
[20] A. L. Watts, W. Yu, J. Poutanen, S. Zhang, et al., Science China Physics, Mechanics, and Astronomy 62, p.
29503 (2019), arXiv:1812.04021 [astro-ph.HE] .
[21] K. R. Pechenick, C. Ftaclas, and J. M. Cohen, ApJ 274, 846–857 (1983).
[22] M. C. Miller and F. K. Lamb, ApJ Letters 499, L37–L40 (1998), astro-ph/9711325 .
[23] J. Poutanen and M. Gierlin´ski, MNRAS 343, 1301–1311 (2003), astro-ph/0303084 .
[24] J. Poutanen and A. M. Beloborodov, MNRAS 373, 836–844 (2006), astro-ph/0608663 .
[25] C. Cadeau, S. M. Morsink, D. Leahy, and S. S. Campbell, ApJ 654, 458–469 (2007), astro-ph/0609325 .
[26] S. M. Morsink, D. A. Leahy, C. Cadeau, and J. Braga, ApJ 663, 1244–1251 (2007), astro-ph/0703123 .
[27] M. Baubo¨ck, E. Berti, D. Psaltis, and F. O¨zel, ApJ 777, p. 68 (2013), arXiv:1306.0569 [astro-ph.HE] .
[28] M. AlGendy and S. M. Morsink, ApJ 791, p. 78 (2014), arXiv:1404.0609 [astro-ph.HE] .
[29] D. Psaltis and F. O¨zel, ApJ 792, p. 87 (2014), arXiv:1305.6615 [astro-ph.HE] .
[30] J. Na¨ttila¨ and P. Pihajoki, Astronomy & Astrophysics 615, p. A50 (2018), arXiv:1709.07292 [astro-ph.HE] .
[31] A. N. Timokhin and J. Arons, MNRAS 429, 20–54 (2013), arXiv:1206.5819 [astro-ph.HE] .
[32] S. E. Gralla, A. Lupsasca, and A. Philippov, ApJ 851, p. 137 (2017), arXiv:1704.05062 [astro-ph.HE] .
[33] A. Patruno and A. L. Watts, ArXiv e-prints (2012), arXiv:1206.2727 [astro-ph.HE] .
[34] T. Wilkinson, A. Patruno, A. Watts, and P. Uttley, MNRAS 410, 1513–1520 (2011), arXiv:1008.2708 [astro-
ph.HE] .
[35] J. M. Hartman, A. Patruno, D. Chakrabarty, D. L. Kaplan, C. B. Markwardt, E. H. Morgan, P. S. Ray, M. van
der Klis, and R. Wijnands, ApJ 675, 1468–1486 (2008), arXiv:0708.0211 .
[36] D. K. Galloway, M. P. Muno, J. M. Hartman, D. Psaltis, and D. Chakrabarty, ApJS 179, 360–422 (2008),
astro-ph/0608259 .
[37] A. L. Watts, Ann. Rev. Astron. Astrophys. 50, 609–640 (2012), arXiv:1203.2065 [astro-ph.HE] .
[38] V. Suleimanov, J. Poutanen, and K. Werner, Astronomy & Astrophysics 527, p. A139 (2011),
arXiv:1009.6147 [astro-ph.HE] .
[39] S. Bogdanov, G. B. Rybicki, and J. E. Grindlay, ApJ 670, 668–676 (2007), astro-ph/0612791 .
[40] S. Bogdanov and J. E. Grindlay, ApJ 703, 1557–1564 (2009), arXiv:0908.1971 [astro-ph.HE] .
[41] S. Bogdanov, ApJ 762, p. 96 (2013), arXiv:1211.6113 [astro-ph.HE] .
[42] D. A. Leahy, ApJ 613, 517–521 (2004).
[43] D. A. Leahy, S. M. Morsink, Y.-Y. Chung, and Y. Chou, ApJ 691, 1235–1242 (2009), arXiv:0806.0824 .
[44] S. M. Morsink and D. A. Leahy, ApJ 726, p. 56 (2011), arXiv:0911.0887 [astro-ph.HE] .
[45] S. Bhattacharyya, T. E. Strohmayer, M. C. Miller, and C. B. Markwardt, ApJ 619, 483–491 (2005), astro-
ph/0402534 .
[46] S. Zhang, A. Santangelo, M. Feroci, Y. Xu, et al., Science China Physics, Mechanics, and Astronomy 62, p.
29502 (2019), arXiv:1812.04020 [astro-ph.IM] .
[47] M. C. Weisskopf, B. Ramsey, S. O’Dell, A. Tennant, R. Elsner, P. Soffitta, R. Bellazzini, E. Costa,
J. Kolodziejczak, V. Kaspi, F. Muleri, H. Marshall, G. Matt, and R. Romani, “The Imaging X-ray Polarimetry
Explorer (IXPE),” in Space Telescopes and Instrumentation 2016: Ultraviolet to Gamma Ray, Proceedings
of SPIE, Vol. 9905 (2016) p. 990517.
[48] P. S. Ray et al., “STROBE-X: a probe-class mission for x-ray spectroscopy and timing on timescales from
microseconds to years,” in Space Telescopes and Instrumentation 2018: Ultraviolet to Gamma Ray, Soci-
ety of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, Vol. 10699 (2018) p. 1069919,
arXiv:1807.01179 [astro-ph.IM] .
[49] P. S. Ray et al., arXiv e-prints (2019), arXiv:1903.03035 [astro-ph.IM] .
[50] F. Feroz, M. P. Hobson, and M. Bridges, MNRAS 398, 1601–1614 (2009), arXiv:0809.3437 .
[51] T. E. Riley, G. Raaijmakers, and A. L. Watts, MNRAS 478, 1093–1131 (2018), arXiv:1804.09085 [astro-
ph.HE] .
[52] G. Raaijmakers, T. E. Riley, and A. L. Watts, MNRAS 478, 2177–2192 (2018), arXiv:1804.09087 [astro-
ph.HE] .
[53] F. O¨zel and D. Psaltis, Phys. Rev. D 80, p. 103003 (2009), arXiv:0905.1959 [astro-ph.HE] .
[54] A. W. Steiner, J. M. Lattimer, and E. F. Brown, ApJ 722, 33–54 (2010), arXiv:1005.0811 [astro-ph.HE] .
[55] A. W. Steiner, J. M. Lattimer, and E. F. Brown, ApJ Letters 765, p. L5 (2013), arXiv:1205.6871 [nucl-th] .
[56] J. Na¨ttila¨, A. W. Steiner, J. J. E. Kajava, V. F. Suleimanov, and J. Poutanen, Astronomy & Astrophysics 591,
p. A25 (2016), arXiv:1509.06561 [astro-ph.HE] .
[57] F. O¨zel, D. Psaltis, T. Gu¨ver, G. Baym, C. Heinke, and S. Guillot, ApJ 820, p. 28 (2016), arXiv:1505.05155
[astro-ph.HE] .
[58] C. A. Raithel, F. O¨zel, and D. Psaltis, ApJ 844, p. 156 (2017), arXiv:1704.00737 [astro-ph.HE] .
[59] S. K. Greif, G. Raaijmakers, K. Hebeler, A. Schwenk, and A. L. Watts, MNRAS 485, 5363–5376 (2019),
arXiv:1812.08188 [astro-ph.HE] .
